ABSTRACT Traditionally, the assessment of upper limb (UL) motor function in neurorehabilitation is carried out by clinicians using standard clinical tests for objective evaluation, but which could be influenced by the clinician's subjectivity or expertise. The automation of such traditional outcome measures (tests) is an interesting and emerging field in neurorehabilitation. In this paper, a systematic review of systems focused on automation of traditional tests for assessment of UL motor function used in neurological rehabilitation is presented. A systematic search and review of related articles in the literature were conducted. The chosen works were analyzed according to the automation level, the data acquisition systems, the outcome generation method, and the focus of assessment. Finally, a series of technical requirements, guidelines, and challenges that must be considered when designing and implementing fully-automated systems for upper extremity functional assessment are summarized. This paper advocates the use of automated assessment systems (AAS) to build a rehabilitation framework that is more autonomous and objective.
I. INTRODUCTION
A particular case of rehabilitation is aimed at treating the problems caused by disorders affecting the nervous and neuThe associate editor coordinating the review of this manuscript and approving it for publication was Zheng H. Zhu. romuscular systems, known as neurorehabilitation. In this case, patient needs are usually multi-dimensional, including physical, cognitive, psychological, and medical, and may be very complex. Neurological rehabilitation can be defined as a process or cycle that aims to optimize a person's participation in society and sense of well-being [1] . The starting and ending steps of this rehabilitation cycle are assessment and evaluation, respectively [2] . At the beginning of the rehabilitation process, the assessment step is focused on collecting data about the patient to identify the problems, the causes of functional limitations, and the wishes and goals of the rehabilitation. At the end, the evaluation step refers to assessing the achievement of the goals of the intervention programme [3] , [4] . These goals are measured as changes in the functioning or autonomy.
Additionally, a proper evaluation of the therapeutic effectiveness of rehabilitation is also important due to it being a laborious process of expensive interventions [5] . Because of the complexity of neurological diseases, rehabilitation processes mostly are long-term treatments. This fact highlights the importance of the assessment step to provide proper economic management in healthcare facilities, and even more importantly, in public institutions. Assessment requires specialized workers and adequate space and material [1] . Thus, factors such as the optimal administration of clinical procedures (optimizing clinicians' time), the appropriate management of resources (workspace and equipment), and proper management of results (patient record) are quite important.
Regarding the procedure's administration, the assessment process is commonly performed by health professionals themselves using standardized clinical tests in order to have objectivity in the evaluation. For the assessment of upper extremity (UE) motor function, such clinical tests are made up of a set of items or procedures that aims to objectively determine the patient's functioning level. However, the evaluation of motor functionality is a manually performed procedure, and it has some drawbacks.
First, current diagnosis of UE motor impairment is based on the observation of select movements (or tasks) by a trained clinical specialist. This estimation aims to be reliable (intraoperator) and objective (inter-operator). However, the nature of visual inspection includes some degree of uncertainty (subjectivity) that may come from a variety of sources (movement variability [6] , [7] , observer appreciation [8] , etc.). Second, neurological rehabilitation is not a process bounded in time. Recovery of motor function in general, and for UE in particular, depends on the characteristics of each individual and the kind of disease (stroke, Parkinson's disease, etc.). Thus, performing several tests to assess longitudinal changes in motor performance can be difficult in terms of patient burden and cost [9] , even for healthcare providers.
On this basis, previously mentioned drawbacks could be reduced via automation of traditional assessment tools. Most of the evaluation tests are composed of well-defined exercises or tasks (e.g., point-to-point movements, reaching tasks, object displacement) that are rated by numerical scales, which may be susceptible to automation. By automation, an objective evaluation of the patient's motor functionality could be achieved. Furthermore, the clinician could be provided with more time to assess the results and, based on this, to correct the therapy protocol, modifying the level of difficulty or adding other tasks.
This automation approach in the assessment of motor function has been considered by the research community in recent years. Different methodologies have been used to automatically measure motor function, but the clinical knowledge provided by traditional examination tests has been retained.
In this paper, a systematic review of systems that address the automation of traditional tests for the assessment of UE motor function, used in neurological rehabilitation, is presented. To the best knowledge of the authors, this is the first review to classify the automated methods for upper limbs functional assessment in general, and in terms of motor function in particular. This review presents an analysis of the literature in this field according to the automation level, the employed technology, the focus of assessment, and the method for automatic outcome generation. The remainder of this paper is organized as follows: Section II provides an overview of UE functional assessment and its fundamentals. A description of the traditional tests and procedures is included. In Section III, the results of the literature review are summarized. These results are presented under different scopes. In Section IV, a series of requirements, guidelines, and challenges that must be considered when designing and implementing automated systems for upper limbs functional assessment are presented. Also, the findings and perspectives are discussed. To conclude, some final remarks are presented in Section V.
II. UPPER LIMBS FUNCTIONAL ASSESSMENT: TRADITIONAL METHOD
Overall, the rehabilitation cycle (shown in Figure 1 ) involves the identification of a person's problems and needs, relating the problems to relevant factors of the person and the environment, defining rehabilitation goals, planning and implementing the measures, and assessing the effects [1] . In a simplified way, it is made up of four steps: assessment, assignment, intervention, and evaluation. Regarding the assessment stage, functional assessment refers to the determination of a person's ability to perform everyday tasks and requirements of living. Functional assessment is used to establish a baseline, to predict rehabilitation results, and to evaluate therapeutic interventions [10] . Fundamentally, the evaluation process will utilize a number of variables to act as indicators (outcome measures), and these can be compiled to form a clinical assessment to provide a clinically meaningful deduction from the measurement [11] .
An outcome measure is the result of a test that is used to objectively determine the functioning level of a patient throughout rehabilitation treatment. Traditionally, outcome measures have focused on the individual's impairment level. However, this provided a limited description of disability. In 2001, the World Health Organization (WHO) adopted the International Classification of Functioning, Disability and Health, commonly known as ICF [12] , which provides a common framework for describing the consequences of health conditions and an international standard to describe and measure health and disability. In clinical settings, ICF is used for the evaluation of functional status, goal setting, treatment planning and monitoring, as well as outcome measurements. The ICF model of disability involves three levels: body functions and structure (impairment), activity limitations, and participation.
In the scope of this paper, evaluation of the upper extremities (UE) covers two key factors related to the ICF model: 1) identification of the impairments limiting normal movement, and 2) the initial level of activity limitations and participation restrictions arising from these impairments [13] . For that purpose, standard clinical tests are used to determine the baseline function limitations of a patient at the beginning of treatment. Once treatment has been initiated, the same test(s) can be used to determine progress and treatment efficacy [1] , [4] . Nevertheless, the tests for outcome measure gathering are greatly varied with respect to the number, type, and scoring of the tasks used to determine performance levels, their degree of standardization, and their predictive validity [14] , [15] . The following section aims to show an overview of the variety of the traditional tests commonly used in neurorehabilitation, including their method of administration and fundamentals for outcome generation.
A. A VARIETY OF AVAILABLE ASSESSMENT TOOLS
Numerous assessment tools are readily available to clinicians to measure disability and function limitations in the neurorehabilitation process. The use of appropriate, valid, and reliable tests can improve the understanding of how disease progresses, the level of structural impairment, and how this impacts on the individual in terms of function and participation [11] . These assessment tools can be categorized according to the functioning levels (ICF model) that we aim to evaluate.
On the one hand, the typical body functions that need to be assessed in the neurological patient are those related to the functions of the joints, muscles, movements, cognitive functions, and sensations. Thus, some constructs of relevance are muscle strength, ranges of movement, attention, memory, and balance. Examples of tests classically encompassed at this level are the Fugl-Meyer Assessment (FMA) of Motor Recovery after Stroke, or the Modified Ashworth Scale (MAS). FMA [16] is a stroke-specific, multi-item, and performancebased impairment index. Test items are scored on the basis of the patient's ability to complete the item using a 3-point ordinal scale (0: unable to perform, 1: performs partially, and 2: performs fully). The total possible scale score is 226 for the FMA and 66 for the upper extremities subsection (FMA-UE). Similarly, MAS for measuring spasticity comprises six ordered categories of increasing spasticity that are assigned sequentially in a 5-point scale.
On the other hand, when examining a patient's activities, the therapist will examine not only whether they can do the tasks but also the quality with which the tasks are performed. Example of tools at this level are the Box and Blocks Test (BBT), the Nine-hole Peg Test (NHPG), the Action Research Arm Test (ARAT), or the Wolf Motor Function Test (WMFT). BBT and NHPG are tools for the individual measure of manual dexterity and coordination. For the score, the therapist must manual count the total amount of objects (cubes and pegs for the BBT and NHPG, respectively) transported. WMFT and ARAT quantify upper extremity motor ability through timed and functional tasks (lift objects, reaching, etc). The items are rated on a 6-point scale in the case of WMFT, and a 4-point scale for the ARAT.
Furthermore, participation is a more complex concept than impairments and activities, but it is fundamental to understand the patients and their life and to help with planning treatment. Common scales used are the Canadian Occupational Performance Measure (COMP), the EuroQol Quality of Life Scale (EQ), the Reintegration to Normal Living Index (RNLI), the Stroke Impact Scale (SIS) and the Stroke Specific Quality of Life Scale (SQL). These scales are written questionnaires in which the person has to answer a series of questions that are asked. Detailed descriptions of the features of the tests that are available for functional assessment in neurological rehabilitation are summarized in [15] and [17] , according to the ICF model.
Despite the variety of available tests, all of them should accomplish some requirement for clinical acceptance. The outcome measures should evaluate the particular aspect of function that they are reported to assess (validity), and the results should be the same (or similar) regardless of who administers the test or when it is administered (reliability). Additionally, they should actually be able to assess change whatever is being evaluated over time (responsiveness).
B. A PRAGMATIC POINT-OF-VIEW
Classifying the tests within the ICF framework can be difficult and is often controversial [18] . Many of them include items considered an activity within the ICF (e.g., a task performed by an individual), as well as items related to participation (e.g., the societal level of functioning).
In this sense, assessment tools can be also divided into two categories: (1) performance measures, where the clinician rates or times a series of UE actions that are performed by the patient, or (2) self-report measures, where the clinician asks a series of questions about UE actions that are answered verbally by the patient [13] . The traditional tests most commonly used in neurological rehabilitation, according to performance or self-report measures, are listed in Table 1 . The tests that fully or partially cover the assessment of UE functionality are marked with * or * * symbols, respectively.
1) PERFORMANCE MEASURES
Performance measures do not measure individual performance but rather analyze the person's process and evolution in activities. These tests shares some characteristics considering two distinctions: some tests analyze the body functions and the others evaluate the activity.
On one side, within the body function domain, we can divide it into three types of tests: the ones that evaluate cognitive components, the ones that assess motor components, and the ones that assess clinical states or vital signs.
In the tests that evaluate the cognitive components, a final score and a cut-off point are obtained with which we can compare normality. Most of them are a battery of questions in which the examiner asks the person to perform a series of tasks. In some tests, there may be a time limit, that is to say that the person has to do the activity within a specific time standardized by the test itself; in others, it is not necessary. The type of instruction used in these tests is verbal, that is, the therapist explains what he/she has to do in each activity.
The tests that evaluate the motor components are standardized procedures in which a final score and a cut-off point are obtained with which to compare normality. They are based on a set of items in which the examiner explores different movements of the person. That is, the therapist asks the patient to perform different movements, motor tasks, or adopt different positions with his body to explore whether the person is able or not to perform them. These tests can be controlled by time, as is the case for the BBT in which the patient is asked to move all the necessary cubes for a minute, or they can be simply observational by the therapist in which the action is analyzed and the score is written down.
The type of instruction that is used in these tests is verbal in most cases (the therapist explains to the person what he/she has to do).
The scales that assess vital signs are those in which a series of examinations are performed by the examiner to make a clinical judgment, usually derived from the patient's symptoms. They do not have a time limit, and it is the examiner who, based on the evaluations and questions asked in the tests, rates the different scores.
On the other side, the tests in the activity domain are of the so-called functional type, where the individuals are asked to perform different activities or answer questions about how they carry out the activities. Most of them have a set of questions with several response options that range from normality to functional impossibility. It is the examiner who asks the person and records the score based on the scale instructions. The most remarkable thing about these scales is that they evaluate the function, and many of them are linked to the performance of the activities of daily life, so they give the perspective of whether the person can become independent in their day-to-day life.
2) SELF-REPORT MEASURES
These self-report measures are usually a series of questionnaires in which the respondents read the question and select a response for themselves without the researcher's interference. Those questionnaires serve to inquire about the feelings or attitudes of the person, being more often used in observational studies. Because of these measures or selfreports are subjective, problems related to validity could occur, since the patient can be confused by reporting less of the severity of the pathology or, on the contrary, increasing it. In these measures, the intervention of the examiner is not mandatory. Thus, the person can take the questionnaire to his/her home and complete it in a quiet way. Usually the instructions come at the beginning, which explain how to complete the questionnaire. Some of these have a final score, but most are based on the subjective perceptions of the patient. Normally, it is estimated mental states and participation in the environment that give the examiner an idea of the patient's emotional status and the degree of autonomy in different daily activities. In summary, a wide variety of assessment tools are available for the estimation of functional status by clinicians. Despite the variety, not all of them are (fully or partially) focused on the UE functional assessment. However, it can be appreciated that the dynamics of the assessment of UE functioning, in most of the tests, are susceptible to automation (performance of single movements or tasks, instructions given verbally, observation-based ratings). This fact has been considered by the research community in recent years regarding the development of automated assessment systems. Thus, the following section presents the results of a systematic review focused on analyzing automated systems for assessment of UE functional status where the traditional clinical tests are taken as a design reference.
III. LITERATURE REVIEW SUMMARY
In this section, we highlight the particular aspects of the automated systems for functional assessment of upper limbs in neurorehabilitation. This paper does not intend to be a comprehensive analysis of the utility of the automated assessment systems; rather, it aims to compile the information published in peer-reviewed articles. On this basis, different aspects of automated systems, such as focus of measurements, reliability of data provided, approaches for rating, or clinical feasibility can be discussed.
A. SEARCH METHODS
The authors undertook a literature search in August 2018 about the use of automated systems for the assessment of upper limb motor function in neurological rehabilitation, using keywords such as automated, robot, neurological, rehabilitation, upper, limb, extremity, neurorehabilitation, motor, function, and various combinations of these. The databases were Science Direct, PubMed/Medline, and IEEE. Only papers written in English were considered, and the search was extended to the whole database. Studies were included when: 1) systems for assessment of upper limbs motor function (uni-and bilateral) were addressed; 2) systems were based on traditional tests used in neurorehabilitation, including those that only address the outcome automation; 3) the measure to be automated was a performance measure; 4) the automation of at least one test item was included; 5) clinical trials with real patients were conducted.
B. AUTOMATED APPROACHES FOR FUNCTIONAL ASSESSMENT OF UPPER LIMBS
The results of the systematic review of systems that address the automation of traditional assessment tests used in neurological rehabilitation are summarized in Table 2 . The chosen studies were allocated different identification numbers (ID) to better explain them throughout the text. Studies were sorted according to the method used for obtaining the test outcome. To the best knowledge of the authors, this is the first review to classify the automated methods for upper limbs functional assessment.
Next, this paper presents an analysis of the literature review results according to the frequency of use in the automation of the traditional tests, the automation level of the chosen systems, the employed technology, the method for automatic outcome generation, and the focus of the assessment.
1) MOST COMMON AUTOMATED TESTS
A total of 24 automated systems were found in this review. It should be noted that all studies were focused on the automation of a performance-based test for assessment of upper limb functionality.
The frequency of use of each test was calculated based on how many times a specific clinical tool appeared in the third column of Table 2 across the total studies (n = 24). The FMA test is clearly the most frequent (46% of studies) test that is considered to be automated. The ARAT, BBT, and WMFT tests are in second place with a frequency of use of 12.5% for each one. Finally, the MJHFT, NHPG, RPS, and UPDRS tests were the third most frequently chosen tests (4% for each one) for automation.
Most of the systems were focused on the automation (partially or completely) of a single test. However, some studies have chosen different items from two tests (ID: 12), or they were able to provide the score of more than one test (ID: 22).
The results of this review are consistent with the Santisteban [55] findings, which showed that the FMA is the most commonly used upper limb outcome measure in intervention studies in stroke rehabilitation. The Santisteban [55] study also concluded that the frequency of use of the tests varies widely, between 36% and 1%. Only 15 measures were used in more than 5% of studies. The WMFT, ARAT, and BBT are included in this range.
The above mentioned tests are able to measure several aspects of motor function, and also can provide a clear perspective about the patient's health status. In this sense, it could be reasonable to develop automated systems based on the most frequently used tests, and therefore, the ones most appropriate to measure functionality.
2) LEVEL OF AUTOMATION
As was previously described in Section II, the assessment process involves test administration and the rating of the test's tasks. That is, a system must address both approaches for full automation. In Table 2 , studies that have considered automatic administration of the test are marked via the symbol. Additionally, the percentage of automated items is indicated.
On the one hand, only six of the reviewed studies dealt with the administration of the assessment in an automatic manner. For this purpose, the most common approach is to give the test's instructions to the patients via a Graphical User Interface (GUI). Different channels can be used for giving the instructions, and it depends on the technology used for automation. In all the systems the instructions are given by audio messages that explain and describe the task. However, most of these also include a visual channel, which displays a video recording in the GUI for demonstration of how the movement (or task) must be performed. The video can show a clinician or an avatar performing the movement.
On the other hand, most of the functional assessment tests are not focused on evaluating specific cognitive or motor functions. That way, the tests can be composed of subsections or domains focused on the assessment of a specific extremity (upper and/or lower) and can evaluate different sensorimotor functions. An example is the FMA test [16] , which is made up of five domains, and there are 155 items in total: motor functioning (in the upper and lower extremities); sensory functioning (evaluates light touch on two surfaces of the arm and leg, and position sense for eight joints); balance (contains seven items, three seated and four standing); joint range of motion (eight joints); and joint pain. Hence, 33% of the studies in this review were able to automatically evaluate Regarding the automation level of automated systems, all the test items and their automatic administration must be considered for fully automation. Therefore, only three studies (IDs: 5, 9, 10) can be treated as fully-automatic (or almost) systems.
3) TECHNOLOGIES UTILIZED FOR AUTOMATION
It can be seen that all of the reviewed studies can be considered as performance-based measures (see previous Section II-B.1). Therefore, the test score is based on how the movements are performed by the patient or how long they take.
Consequently, capturing the patient's movements is essential for rating test items. This process of recording human movement is referred as human motion capture, and the systems designed for that purpose as known as MoCap (motion capture) systems.
Several MoCap technologies can be integrated for the automation of traditional tests. In general, five working principles can be distinguished in human motion capture [56] : optoelectronic measurement systems (OMSs), electromagnetic measurement systems (EMSs), image processing systems (IMSs), ultrasonic localization systems (UMSs) and inertial sensory systems (IMUs). Additionally, a different family of techniques can be included: mechanical measurement systems (MMSs) [57] . By means of direct physical interaction, they are able to detect motion (end-effector robot or flex sensors) or can even measure ranges of motion (exoskeletons with angular encoders) of the user.
Four such techniques (OMS, IMS, IMU, MMS) have been identified as commonly used in automatic assessment approaches. The frequency of use (number of studies/total studies) of each technique and different combinations are presented in Figure 2 . Details of the employed sensors in each study are included in Table 2 .
A total of 33.3% of studies only used vision-based sensors (IMS) for movement tracking, 25% of studies only used inertial sensors (IMU), 12% of studies only used mechanical systems (MMS), and 4.16% only used optoelectronics systems (OMS). The most common combinations were IMS + MMS, IMU + MMS, IMS + IMU, and IMS + IMU + MMS, with frequencies of use in studies of 8.3%, 8.3%, 4.16%, and 4.16%, respectively.
Nevertheless, some clinical tests not only consider the capability of properly performing a task, but also another related feature, such as strength, which is directly related to the ability to interact with the environment. This is the case for the FMA test, which includes an item to specifically gather a resistance measurement when tugging at an object that the user holds. Automatic systems can objectively measure the exerted force during task performance using force sensors (IDs: 9, 10). Other studies (IDs: 6, 22) provide the force measurement as an additional outcome, even though it is not considered in the traditional test.
Moreover, the methodologies for using sensors in test automation are varied. Systems that monitor the userenvironment interactions by means of computer vision techniques (IDs:1, 4, 5, 11) were identified. Another approach is to adapt the environment (IDs: 2, 3, 6) or the tools (IDs: 13) to sense the user interaction. In addition, a novel approach is to use an end-effector robot that, via its embedded sensors, is able to measure the interaction (IDs: 22, 24). A more extended approach is the analysis of movements based on the registered performance-based data that is considered by the remaining systems.
These methodologies offer some relevant features in regard to automation, such as accuracy, portability, and adaptability to the user's body complexion. First, the accuracy in the data acquisition is high in most of the approaches. Optical sensors allow non-intrusive motion capture. However their accuracy depends on the lighting conditions and a line of sight is required. Wearable sensors give better accuracy at the expense of patient comfort. However, nonetheless, they are not incompatible given an intermediate solution. Furthermore, systems based on these kinds of sensors are portable, being adequate for use outside of clinical settings. This is a drawback for the more accurate motion capture systems like OMS-based or robot-based systems. Finally, due to the nature of neurological disorders, the degree of motor limitations is wide. The target population can vary from elders and children to wheelchair-bound persons. This condition requires that systems can easily adapt to the patient's characteristics. Thus, adaptability is a clear requirement of automated systems to increase their usability. Systems based on non-intrusive sensors seem adequate for fitting to the physical condition of the patients with an easy setup. Proper combination of the sensors and the automation method is a big challenge to obtain the best solution in terms of accuracy, portability, and adaptability.
4) OUTCOME GENERATION
The most relevant advantage of automated systems is the possibility of generating objective outcomes. The general process for automatic generation of outcome measurement is depicted in Figure 3 . Different procedures can be applied to obtain a measurement of function based on kinematic data of patients. As a starting point, the goal is to automatically achieve the traditional score. However, novel scores or extended versions of traditional ones can be achieved, considering the richer information that it is obtained by automatic data acquisition systems.
There are two common steps prior to the scoring process, that is, the data acquisition process and signal processing. Different indicators of user performance can be gathered according to the data acquisition method (e.g., IMS: trajectories, range of motion; IMU: kinematic data; MMS: exerted force, etc.). However, these native measurements can be affected by noise. Therefore, a signal processing step is almost mandatory for proper data analysis. Then, different features can be extracted from the enhanced dataset. Such features can feed algorithms for outcome generation.
Regarding the scoring process, three approaches have been identified for automatic generation of clinical outcomes: Direct Scoring (DS), Classification-based Scoring (CS), and Indirect Scoring (IS).
Direct Scoring (DS) systems are those whose outcome is obtained by sensing and analyzing the interactions between the user and the environment. The output is directly calculated from the measurements, and it does not require a trained dataset. A clear example of this approach is when the outcome is given by a measurable variable, such as a time period (IDs: 1, 6). Additionally, countable variables, such as the number of blocks (IDs: 2, 4, 5) can be obtained by direct scoring. Virtual reality can be also useful for the detection and measurement of user-system interactions, providing scores, such as the number of displaced objects (IDs: 2, 6) or a performancebased impairment index (ID: 3).
Classification-based Scoring (CS) is denoted for those systems based on algorithms (with or without learning procedures) that best map input features to an output variable. In this case, a specific dataset is used as a reference for rating Indirect Scoring (IS) is denoted for those systems that use a single reference model for the item rating procedure. Note that a generic/comprehensive reference model is used instead of a model for each movement or task. In ID:19 study, this approach was applied for the prediction of the total score of the FMA test, using sensor data of a single task. However, in this study it also was demonstrated that the prediction performance of single task models was enhanced by building a comprehensive model. In ID:20 study, seven weak regression models for each exercise were established first and then combined to build a comprehensive quantitative FMA (short version) assessment model.
One step beyond, indirect scoring systems are able to estimate another related outcome score. That means, the generic reference model can be used for the prediction of the score of other related outcome measures, without the need to administer the specific tests to measure them. Outcome prediction is based on comparative studies of metrics that are different among them, but keep some correlation. An example is ID:21 study, where the FMA score was estimated using a reference model built based on the data recorded during the performance of a single item (lifting a can) of WMFT. In ID:22 study, different clinical scores (FMA, MSS, MP, and MAS) were estimated from unconstrained reaching movements (point-to-point) and a circle drawing task, using an end-effector robot.
5) EXTENDED OUTCOMES
On the one hand, the main outcome provided by all of the automated systems is the traditional score. In Table 2 , the traditional outcomes are labelled by the † symbol. It must be highlighted that, the generated results are more objective than the ones obtained by the clinician observation due to reduced inter-operator variability.
On the other hand, due to the nature of the sensorized systems, additional information about the user performance is directly gathered. In some cases, such extra data can be used for the generation of a modified outcome that gives a better description of impairment than the basic outcome (IDs: 16, 23). Besides, even novel measurements that do not depend on human judgment can be achieved, such as in the method proposed in [53] (ID: 24), and could be an automated alternative to the ARAT or FMA. However, the main drawback of novel outcome measures is the need for clinical validation, as opposed to traditional outcome measures that are already well accepted and widely used by clinicians.
6) FOCUS OF REHABILITATION METHODS
Neurological assessment includes the exploration of cognitive function, language and speech, motor function, reflexes, and sensitive exploration. It can be seen that the automatic systems summarized in this review are based on outcome measures mainly focused on motor function assessment.
The reaching and grasping ability are the motor functions most commonly evaluated by automated systems. The assessment procedure, in more detail, involves the tracking of various joints in order to assess representative motor capabilities such as range of motion, coordination, grasping force, or fine manual dexterity.
IV. TOWARDS AUTOMATED ASSESSMENT SYSTEMS
According to the WHO, the rehabilitation cycle, in a simplified way, is made up of four steps: assessment, assignment, intervention, and evaluation [1] . This rehabilitation cycle, shown in the previous Figure 1 , is being transformed into a more automated cycle [58] , as shown in Figure 4 . This transformation adds more detail but does not alter the rehabilitation cycle, thus maintaining the philosophy centered on the user.
In the past few decades, robotics research has been mainly focused on developing systems in the field of rehabilitation as interventions (systems for recovery/support/training of motor function) [58] . A low percentage of such systems address the assessment stage using the metrics that are obtained during therapy development. Nevertheless, it is important to distinguish that most of the assessments performed by robotic rehabilitation systems (RRS) are not functional assessments, conventionally carried out at baseline and follow-up stages of treatment using standard outcome measures. On the contrary, this type of assessment serves as a method of ''rapid evaluation'' to inform the therapist about the treatment evolution, by comparing biomechanical data among rehabilitative sessions. However, these outcomes (in terms of trajectories, kinematic data, etc.), despite being indicators of the patient's performance, are nonclinical metrics requiring comparative studies or clinical trials to be validated. On the one hand, one of the biggest problems with evaluation using traditional tests is the time taken by the therapist to administer them (e.g., FMA [59] ). In this way, the report provided by RRS as a rapid evaluation method may be useful. However, the need for clinical validation of results is a drawback. For that reason, the development of automated methods based on traditional assessment scales, that already are clinically validated, widely used, and well-known by specialists in rehabilitation, is certainly desirable. As a result of using automated assessment methods based on traditional tests, the time it takes clinicians to get results will decrease and additional validation will not be required.
On the other hand, the major concern during the evaluation procedure is reducing the subjectivity in assessment. Procedures based on clinician observation could be affected by inter-operator errors. That is, the rating of the same impairment can vary among different clinical professionals. Automation could contribute to reducing inter-operator errors, and could even generate extended performance-based metrics.
In this way, as revealed by the review presented in this paper, the use of traditional clinical tests as a reference for the design of automatic assessment systems (AAS) is a feasible approach. However, there is still room for improvements. Most of the systems are mainly focused on automatic outcome generation. Nevertheless, the assessment process also involves human factors in the test administration that have not yet been completely solved. In the following section, the main challenges, technical requirements, and guidelines that must be considered when designing and implementing the AAS for upper limbs are discussed in order to obtain fully-automated assessment systems. Figure 5 depicts the three main aspects that were identified as mandatory for considering assessment systems to be fullyautomated: administration, data acquisition, and rating.
A. CHALLENGES FOR FULL AUTOMATION
The three components are strongly linked, and they depend upon each other for adequate performance. Namely, good data acquisition not only depends on the reliability of the sensors, but also the method of administering the test. An incorrect way of giving the instructions to the patient could lead to incorrect movement execution, caused by trouble understanding the instructions instead of a real impairment. This incorrect data registration will produce an incorrect item rating and thereby an incorrect assessment. Therefore, proper integration of these aspects could lead to fully-automated assessment systems, based on the combination of clinical knowledge provided by traditional examination tests with the more refined capabilities of biomechanical capture systems. Next, the issues related to the automatic processes of administration, data acquisition, and rating are addressed separately.
1) AUTOMATIC DATA ACQUISITION
The body is characterized by a high number of muscles and joints, all of which must be controlled during the execution of coordinated functional movement [60] . Despite the fact that not all variables involved in movement execution can be measured, some variables related with muscles (activation, strength) or joints (angles, trajectories, velocity, etc.) can be measured by state-of-the-art sensors.
On the one hand, one of the major concerns in the assessment process is obtaining accurate outcome measurements [61] . Additionally, the person being monitored would not even notice the existence of the sensing device or procedure. Unobtrusive sensing technologies, which can be implemented in the form of optical motion tracking or small wearables and Internet of Things (IoT) devices may be a good solution. However, there is a difficulty in deriving useful information from low quality signals. Thus, improving the quality of signals must be the focus of research for future development. So, one of the key requirements for AAS is to detect as many movement indicators as possible, accurately and sustainably in various scenarios.
On the other hand, the assessment scenario can vary according to the patients' characteristics (adults, children, stature, or even clothes) and their mobility restrictions (standing or wheelchair). This fact highlight the acquisition systems must be able to easily adapt to changes in the physical characteristics of the patients, allowing a quick setup. A variety of technologies are currently used to track a person's health and wellness status. They include electrodes, optical sensors, strain gauges, and ultrasound devices, each of which has some drawbacks in terms of user experience such as comfort and convenience. In this way, although the challenges with accuracy and robustness must be still improved, markerless motion capture systems are likely to have a stronger impact on AAS development regarding comfort, adaptability, and easy setup.
Data acquisition systems should be selected according to their accuracy, portability, adaptability, and comfort. Thus, the best solution may be obtained by combination of different types of sensors to increase the accuracy. Proper sensor selection will provide clinicians with useful metrics, and increase the speed and repeatability of the analysis by removing subjective components.
2) AUTOMATED ADMINISTRATION
The main concern about the feasibility of automatic test administration is considering the best way to address the human factors. It should be taken into consideration that the assessment is focused on the patient (patient-centered evaluation). In certain stages of the recovery process, especially in the early stages, the role of the therapist is irreplaceable. Consequently, the usability of AAS will have a niche bounded by the level of affectation of the patients. It seems barely feasible to use for individuals with severe impairments.
Furthermore, the level of interaction between a patient and an automatic system would be not comparable with the clinician-patient interaction level in either case. The therapist's role is not limited to evaluation but also to offer some social skills to encourage the patient throughout the test development, or simply to have a dialog. In this regard, advances in interactive systems (virtual or augmented reality based) or social assistive robots (SAR) are promising in order to implement more reliable dialog systems. Currently, the SARs offer enhanced interaction features, intelligence capabilities, and good acceptance by the users. Thus, including a SAR to monitor the assessment process seems a feasible approach to provide a friendly interaction method, even for telerehabilitation.
In any case, independently of the used interaction method, the test instructions must be provided in a clear manner. This issue is highly important for accuracy in data acquisition, and thereby, in the impairment rating. The more communication channels (audio, text, visual) used, the better.
3) AUTO-RATING
There is an important difference in emphasis between clinical assessment and measurement. It can be seen that automatic data acquisition systems make a greater amount of biomechanical data (measurements) available for VOLUME 7, 2019 the therapist. Some variables (e.g., time and strength) can be measured directly. Other variables (e.g., disability, motor function, or quality of life) are measured indirectly by how they manifest. Interpretation of impairment manifestations is carried out by clinicians using the appropriated outcome measures. Therefore, an automatic assessment method must be able to transform the raw data (performance-based variables) into clinical metrics that can be taken as an objective clinical evaluation (impairment indicators). This is the autorating process. As identified in this review, current automated systems use three auto-rating methods (Direct, Classificationbased, and Indirect) for the automatic generation of objective clinical outcomes. In addition, the use of auto-rating methods could reduce the inter-operator variability towards reliable measurements by nature.
One step beyond, a more analytic rating procedure is possible by using the AAS. On the one hand, data obtained by traditional outcome measures, both item scores and total scores, are ordinal level, which means that the values are rank ordered [61] . Consequently, these measurements are not precise measurements of an individual. For example, the FMA scale has three categories that are ordered in terms of increasing mobility. Since the main goal of AAS is providing the traditional score, the obtained outcome could have the same drawbacks, despite such methods using richer information gathered by accurate data acquisition systems.
In this way, the sensor data gathered by automated systems could enable the generation of metrics with increased resolution. An example is the ID:23 study, which was able to provide a high resolution outcome for the FMA test while maintaining the classical dynamic in the assessment procedure. This could be a research line to be considered by future works in order to better use sensor data.
On the other hand, automatic rating can be tackled by applying several algorithms (Extreme Learning Machines, Principal Components Analysis, Support Vector Machines, etc). Most of them use a reference model (single or comprehensive) for the classification/prediction of clinical outcomes. Using a comprehensive model appears to be adequate since some studies have demonstrated that multi-item measures need only a few carefully chosen items to generate reliable and valid estimations. Besides, AAS not only must be able to detect the evolution of individuals but must also try to identify whether such changes are clinically significant. However, most of the studies have considered small samples and they are only suitable for group-level comparisons. Therefore, one of the major challenges in obtaining automatic outcome measures that detect clinically significant changes at the level of the individual is building appropriate reference models including large samples and different populations.
In this regard, based on the capability of AAS for the automatic acquisition and storage of biomechanical data, it is possible to build healthy kinematic models that better fit healthy ranges or patterns. To this purpose, it is necessary to produce a joint effort by researchers and practitioners. Currently, Artificial Intelligence (AI) is a mature science, and digital health (eHealth) transformation using the information and communication technologies (ICT) is a stronger trend in healthcare. Benefits of including such technology in autorating in particular, and in AAS development in general, is a research line which is yet to be fully discovered.
B. LIMITATIONS
This review is not without its limitations. Our study was limited to the functional assessment of upper extremities in general, and motor function evaluation in particular. Besides, only automatic systems based on traditional tests were considered. However, there are several developments of automatic assessment systems that propose different methodologies than the traditional ones, even for the lower limbs. Thereby, novel clinical outcomes are obtained that need to be validated. Future works could extend the literature analysis to cover novel automatic systems, including their validity, reliability, and responsiveness.
V. CONCLUSIONS
The objective and automatic measurement of rehabilitation outcomes is a new and developing field. In this paper, a total of 24 works focused on the automatic assessment of UE function in neurorehabilitation were reviewed. On this basis, some remarkable findings in understanding the benefits and challenges when developing automated assessment systems (AAS) were identified.
The development of the AAS should be based on the traditional assessment methods, since the traditional scales are still the ''golden standard'' for measuring outcomes and determine the effectiveness of treatment. The combination of clinical knowledge provided by traditional examination tests with the more refined capabilities of biomechanical sensors can enhance the outcome measures. Consequently, the outcomes provided by the AAS will be objective, reliable, and will generate additional information about the user's performance.
In addition, we found that the automatic outcome generation of the AAS is based on three methods: Direct Scoring (DS), Classification-based Scoring (CS), and Indirect Scoring (IS). With the exception of the DS case, all of the methods need a (single or comprehensive) healthy reference model to compare the tested movements with the normal ones. Thus, an important issue to solve is the creation of a framework by clinicians and researchers to build appropriate healthy reference models.
Automatic administration of the tests must be also considered, not only the automation of the outcome, to develop fully-automated assessment systems. Knowledge of the user is as important as system functionality, since without the user's cooperation and acceptance, the system's functionality may be ineffective.
In conclusion, it is our opinion that the benefits offered by the AAS can enhance the rehabilitation process, and that these kind of systems will become a complementary tool for common clinical practice.
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